Because in gynodioecious species females are expected to be more pollen limited than hermaphrodites, we tested for sex-differential pollen limitation at the flower level, comparing fruit production and fecundity between open-pollinated and hand-pollinated flowers of Gypsophila repens (Caryophyllaceae) over two years. No sex difference in pollen limitation was found. Hand-pollination increased fruit and seed production in the first year of the study but not in the second, and it actually decreased fruit set in the latter year, although overall fecundity was higher in that year. Ovule number differed between years, with perfect flowers containing more ovules in the second year. Gypsophila repens harbors the anther smut fungus Microbotryum violaceum, which infects and sterilizes many species of Caryophyllaceae. In G. repens, however, some infected plants are capable of seed production, although their fecundity is far lower than that of healthy plants. Seed production was not pollen limited even with the high percentage of infected individuals that could reduce the quantity of pollen available at the population level.
Introduction
Gynodioecious populations contain hermaphrodites and females that produce no pollen. Reproduction by females in selfcompatible species might be more limited by pollen availability than that of their hermaphrodite counterparts (Lloyd 1974; Maurice and Fleming 1995) . Pistillate flowers in gynodioecious species are usually smaller than perfect ones (Delph 1996) , rendering them less attractive to pollinators and potentially more likely to be pollen limited when pollen production decreases in the population. For species such as Silene vulgaris, female reproductive success decreases when the frequency of females in the population rises (McCauley and Brock 1998) . In Glechoma hederacea, fruit and seed set in females is reduced with increased distance from hermaphrodite pollen donors (Widén and Widén 1990) . Furthermore, pistillate flowers in gynodioecious species such as Stellaria longipes, Iris douglasiana, and Geranium richardsonii receive less pollen than do perfect ones in natural populations (Philipp 1980; Uno 1982; Williams et al. 2000) . Thus, pollen availability may influence the evolution of floral sexual size dimorphism in dioecious (Vamosi and Otto 2002) and gynodioecious populations (Ashman and Diefenderfer 2001) .
Some studies have already examined pollen limitation of females and hermaphrodites in gynodioecious populations (Widén 1992; Fleming et al. 1994; Graff 1999; Ashman and Diefenderfer 2001 ). Here, we tested for differential pollen limitation at the flower level for the different sex phenotypes in the gynomonoecious-gynodioecious species Gypsophila repens L. (Caryophyllaceae) in two different years. Pollen limitation at the flower level is a controversial issue. Differential seed production by flowers to which pollen has been added does not necessarily demonstrate that inadequate pollen is available from natural pollination; it could also result from resources being preferentially allocated to flowers receiving more pollen (Zimmerman and Pyke 1988) . Although we cannot rule out this possibility, we have some evidence of no reallocation of resources toward pollinated flowers in this species. We performed hand-pollinations on different proportions of flowers on plants in the greenhouse; plants of each sex experienced various pollination treatments that included pollination of all the flowers produced or just a small percentage. So far, our results showed no differences between treatments (M. Ló pezVillavicencio, unpublished data). In addition, G. repens flowers over several months and can produce thousands of flowers per plant, rendering pollen addition experiments at the plant level entirely unfeasible.
This species has three functional sexes: females bearing only pistillate flowers, hermaphrodites with uniquely perfect flowers, and gynomonoecious individuals bearing a mixture of pistillate and perfect flowers. Pistillate flowers on female compared with gynomonoecious hermaphrodites could be expected to be more pollen limited through a lack of pollen production within the same plant if geitonogamous pollen flow from perfect to pistillate flowers assures pollination. In addition, G. repens can be infected by the anther smut fungus Microbotryum violaceum (Pers.) Deml. & Oberw. (pUstilago violacea Pers.) . This fungus causes the production of sporefilled anthers that bear no pollen in both pistillate and perfect flowers. Because infection prevents pollen production, high disease prevalence can contribute to pollen limitation for healthy flowers in natural populations (Alexander 1987 many host species, anther smut disease also leads to complete female sterility (Baker 1947) , although not in G. repens. In the studied population of G. repens, infected plants were either totally or partially infected, wherein partially infected plants produced a mixture of healthy and diseased flowers. Variation in the effect of this fungus on female structures was also observed. Whereas most infected plants bore flowers with greatly reduced female organs, as observed in other infected species (Shykoff et al. 1997) , some had well-formed, apparently functional stigmas. In other studied systems, diseased plants are less attractive to pollinators and receive fewer visits than healthy ones (Jennersten 1988; Shykoff and Bucheli 1995) . Therefore, we investigated pollen limitation at the flower level in diseased flowers.
Because environmental conditions vary over time, pollinator activity and resource availability may change from one reproductive season to the next or even over the season (Dudash and Fenster 1997; Parra-Tabla et al. 1998; Baker et al. 2000; Larson and Barrett 2000) . In particular, in gynodioecious species, pollen availability will vary with operational sex ratio (McCauley and Brock 1998; Graff 1999 ) but also with resource variation if hermaphrodites alter allocation to male reproductive effort as a function of resource availability (Eckhart and Chapin 1997; Poot 1997) .
We examined the following questions: (1) Does pollen availability limit reproduction at the flower level? (2) Does pollen limitation differ for healthy perfect flowers compared with healthy pistillate flowers and/or between years? (3) Can infected flowers produce fruits and seeds, and are they pollen limited? (4) Do healthy flowers on partially diseased plants have reproductive characteristics of healthy or diseased flowers? Last, we discuss the implications of our findings for the evolution of sexual dimorphism in gynodioecious species.
Material and Methods
Gypsophila repens is a subalpine-alpine perennial geophyte distributed in the mountains of south and central Europe. It typically occurs in sunny and, periodically, in dry places in rocky and grassy habitats (Alegro et al. 2000) . The population we studied, containing several thousand plants, grows on an exposed rock slope with southeast exposure in the Italian Alps (Grosio, lat. 46Њ17Ј24ЉN, long. 10Њ15Ј11ЉE). Flowering begins in early June and continues until late October. Individuals can be large, some bearing hundreds of branches and several hundred flowers at a time. This population is infected with Microbotryum violaceum, and despite intensive searching, it is the only infected population we have found.
We followed the fate of ca. 800 marked individuals over two nonconsecutive years, noting their size, sex, and infection status. In 1998, only 45.9% of these individuals flowered; 20.4% were infected, 4.4% were partially infected, and 75.2% were healthy, including 9.9% females, 62.4% pure hermaphrodites, and 2.9% gynomonoecious hermaphrodites. In 2001, 63.8% of the individuals flowered; 18.7% were infected, 10.2% were partially infected, and 71.1% were healthy, of which 8.3% were females, 54.5% were pure hermaphrodites, and 8.3% were gynomonoecious hermaphrodites. Sexual status of marked individuals that flowered both years remained constant over the time (J. Shykoff and M. Ló pez-Villavicencio, personal observation).
Perfect flowers are protandrous and self-compatible (M. Ló pez-Villavicencio, personal observation Plants belonged to several types, varying in sex phenotype and infection status. In 1998, the plants used included 60 healthy individuals (17 females, 29 hermaphrodites, and 14 gynomonoecious), seven partially infected, and 32 totally infected plants, with overrepresentation of those with well-developed, apparently functional stigmas. In 2001, the selected plants included 50 healthy individuals (15 females, 23 hermaphrodites, 12 gynomonoecious), nine partially infected, and 18 completely infected plants chosen at random.
Depending on availability, two or three flowers were handpollinated, and the same number was left unmanipulated for open-pollination (hereafter referred to as "controls"). Pollinations were performed by brushing two or three anthers, presenting ripe pollen across the stigmatic surface. Pollen is bluish violet, and full anthers are readily distinguished from empty, pale violet anther sacs. The anthers were taken from at least two different individuals of the same population but located several meters away from the pollen recipients. Pollinated and control flowers were marked with a small piece of labeled tape on the pedicel. In gynomonoecious plants, two open flowers of each sex were pollinated and two of each sex were designated as controls.
To estimate the effect of hand-pollination on fecundity, fruits were collected as they matured (ca. 15 d after the pollination), and the seeds were counted. Because differences in seed number per fruit could result from disparity in ovule number, in 1998 and 2001, a sample of pistillate and perfect flowers was collected into vials of 95% ethanol, and the ovules were counted under a dissecting microscope. In 2001, we also counted ovules from infected flowers.
All statistical analyses were performed with JMP, version 4.0 (SAS Institute 1997). To investigate pollen limitation for fruit set and seed number per fruit, we calculated the difference between the means of pollinated and control flowers for each flower type within each plant. This difference was then subjected to two different two-way ANOVAs that tested the effects of year and flower category. Some pseudoreplication remains in the analyses because gynomonoecious individuals and partially diseased plants were represented by more than one difference value, which were treated as independent observations. To investigate the reproductive characteristics of the different types of flowers in our population, we analyzed fruit set and seed number per fruit data using repeated-measures threeway ANOVAs, treating the individual plant as a random blocking factor. Diseased flowers on partially diseased individuals set too few seeds to be included in the analysis of seed number per fruit.
Residuals from the analyses of seed number per fruit did not deviate from normality, but those from the fruit set analyses were slightly bimodal, and no data transformation alleviated this problem. We present these data nonetheless, noting that the deviations from normality were minor, but sample sizes were large, providing statistical power to detect the deviations (residuals from the analysis presented in 
Results

Fruit Set
The difference in fruiting success between pollinated and control flowers was small but positive (mean : difference ‫ע‬ SE , , , ), indicating 0.059 ‫ע‬ 0.028 n p 133 t p 2.15 P p 0.03 some overall pollen limitation of fruit production at the flower level. The degree of pollen limitation for fruit set differed between years ( , ; in-F p 16.69 P ! 0.0001 treatment # year (1, 616) teraction in table 1), with the pollen addition treatments increasing fruit set in 1998 and decreasing it in 2001, but this did not differ among the seven flower categories (pistillate flowers on female or gynomonoecious individuals, perfect flowers on hermaphrodite or gynomonoecious individuals, healthy flowers-pistillate and perfect combined-on partially diseased plants, or diseased flowers on totally or partially diseased plants; , ). F p 0.87 P p 0.51 (6, 616) Fruit set varied across plant individuals and between years, with globally higher fruiting success in 1998 than in 2001. This was mainly caused by the greater success of the diseased flowers in 1998, which was revealed by a significant interaction (table 1) . Over the 2 yr, only category # year 19.6% of diseased flowers set fruit, whereas 72.9% of healthy flowers set fruit. In 2001, only 5.1% of the flowers on randomly chosen infected plants produced fruits compared with 32.8% of those chosen for their apparently functional stigmas in 1998 ( fig. 1) . The flower categories differed significantly for successful fruit production (table 1), with diseased flowers setting fruits, but differed significantly more rarely than healthy ones, regardless of whether they were borne on totally or partially diseased plants. Healthy flowers on diseased plants had similar fruit set to healthy flowers on healthy plants ( fig. 1) .
Seed Number per Fruit
The difference in seed number per fruit between pollinated and control flowers across all categories did not differ significantly from 0 (mean : , difference ‫ע‬ SE 0.134 ‫ע‬ 0.686 n p , , ), indicating an absence of pollen lim-91 t p 0.195 P p 0.84 itation for seed production of fruits that reached maturity. The degree of pollen limitation for seed number per fruit differed between years ( , ; in-F p 8.47 P p 0.004 treatment # year (1, 194) teraction in table 2), with the pollen addition treatment increasing seed production per fruit in 1998 and decreasing it in 2001, but it did not differ significantly among the seven flower categories ( , ). F p 0.18 P p 0.97 (5, 194) Seed number per fruit differed among individual plants and across the six flower categories investigated by being lower for diseased than for healthy flowers. Seeds per fruit differed almost significantly between years, with higher seed production per fruit in 2001 than in 1998 (table 2; fig. 2 ). 
Ovule Production
Total ovule production was significantly higher in 2001 than in 1998 largely because of an increase in ovule production in perfect flowers in 2001 (table 3), which was revealed by the significant interaction (table 4) . Ovule number category # year of infected flowers was similar to that of pistillate flowers (table  3) .
Discussion
Pistillate flowers are expected to be more pollen limited than perfect ones (Widén 1992; Graff 1999) . Fecundity of both females and hermaphrodites declines with increasing female frequency in other gynodioecious species, presumably from low pollen availability (McCauley and Brock 1998; Graff 1999) , and pollen limitation was found in populations of Glechoma hederacea with at least 50% of female plants (Widén and Widén 1990; Widén 1992) . However, the frequency of female plants at which pollen limitation should become evident remains unclear, and a meta-analysis on reproductive differences between female and hermaphrodite plants in gynodioecious species found no significant difference in pollen limitation between the sexes (Shykoff et al. 2003) . Here, we found no evidence for sex-differential pollen limitation at the flower level for either fruit or seed production in Gypsophila repens over 2 yr of pollen addition experiments. In our population in both years, approximately one-third of flowering individuals bore no pollen because they were either female or diseased. Furthermore, not only do diseased plants produce no pollen, but they can serve as pollen traps (Alexander 1987) . Spores of Microbotryum violaceum on stigmas of healthy plants can impede pollen germination, exacerbating effects of low pollen availability (Marr 1998) .
This combination of low population pollen production and diseased flowers, both intercepting pollen and contaminating healthy stigmas, resulted in pollen limitation in 1998. It is surprising that perfect flowers were pollen limited for fruit and seed production (figs. 1, 2) in this year. It is unclear whether this resulted from pollen interference by fungal spores or from poor pollinator service. To separate these factors, pollinator observations and detailed investigations of pollen and spore dynamics in patches or in populations of varying sex ratio and pollen availability are called for (Graff 1999) .
The effect of the pollen addition treatment differed between years, increasing fruit and seeds per fruit in 1998 but decreasing fruit set in 2001 ( fig. 1 ). Different people conducted the experiments in the two years; although we followed the same general protocol, individual differences in handling inevitably existed. Physical stimulation and pollinator visitation influence both floral longevity (Nyman 1993; Kaltz and Shykoff 2001) and potential fruiting success. Furthermore, selective shedding of flowers that receive many pollinator visits or much physical stimulation early in the season could be adaptive in G. repens, both for reducing disease risk (Shykoff et al. 1996; Kaltz and Shykoff 2001) and for stimulating subsequent flower production. Gypsophila repens produces a large indeterminate number of flowers. In such species, flower production is often limited by successful fruit production, with plants producing few fruits flowering longer (Carroll and Delph 1996) . Plants that, early in the flowering season, shed flowers receiving much physical stimulation (i.e., much pollinator visitation), thereby stimulating further flower production, may enhance their fitness via male function because both early-shed and late-shed flowers export pollen. We intend to test the relationship between pollination intensity, fruit production, and subsequent flower production in greenhouse experiments.
It is interesting that a difference in ovule number across years was expressed in perfect flowers only. The reproductive characters of perfect flowers are expected to be more plastic than in females if their reproductive strategy varies between pure male and hermaphrodite (Lloyd 1975) . However, perfect flowers are expected on average to have lower female function than pure females because some female advantage is required to explain female persistence in natural populations containing hermaphrodites (Couvet et al. 1990 ). We found that perfect flowers contained more ovules than pistillate ones in 2001, a rather surprising result. Pistillate flowers are smaller than perfect ones, and flower size, pollen, and ovule production are all intercorrelated through genetic correlations (Ashman 1999; Mazer and Dawson 2001) and structural constraints.
The absence of sex-differential pollen limitation indicates that seed production in both types of flowers may be limited by resources rather than pollen (Zimmerman and Pyke 1988) . We suggest that under high resource availability large perfect flowers can increase their ovule production, whereas small pistillate flowers cannot because of structural space limitations. Nonetheless, female plants may have other avenues for increasing fecundity, such as longer life span or enhanced flower production (Shykoff et al. 2003) .
Some G. repens infected with the anther smut fungus M. violaceum were able to produce fruits and viable seeds that germinated and gave rise to healthy plants. This is the first report we know of this phenomenon, although partial sterilization is predicted to evolve in strongly spatially structured populations of hosts and sterilizing pathogens (O'Keefe and Antonovics 2002). Although M. violaceum did not completely sterilize its infected hosts, it strongly reduced fecundity (figs.
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INTERNATIONAL JOURNAL OF PLANT SCIENCES 1, 2) but without influencing ovule number (table 3) . Microbotryum violaceum sterilizes female function of Silene latifolia hosts by sporulating within the ovules (Batcho et al. 1979 ), but fungal activity in infected female tissues of G. repens remains to be elucidated. Indeed, some completely diseased individuals were sterilized by the fungus, while others maintained functional stigmas even though their anthers produced fungal spores in the place of pollen. We are currently testing whether these different phenotypes of diseased plants depend on particular fungal strains or variation in plant defense.
Pollen limitation can influence the evolution of floral display. Fragaria virginiana females are pollen limited when hermaphrodites are rare, and pollinator preference for large-petaled pistillate flowers will influence selection on floral sexual size dimorphism (Ashman and Diefenderfer 2001) . Indeed, pistillate flowers are almost always smaller than perfect flowers in gynodioecious species. The degree of sexual size dimorphism appears to depend on the potential for pollen limitation, with species having many-seeded fruits that can more easily suffer from pollen limitation showing less reduction in pistillate flower size (Shikoff et al. 2003) . Parasites and herbivores can change the population sex ratio if they attack one sex preferentially (Ashman 2002) . Microbotryum violaceum is transmitted by pollinators; therefore, a plant's attractiveness to pollinators places it at a higher risk for infection (Shykoff et al. 1997) . For G. repens, it would be interesting to know whether the sexes vary in vulnerability. Different susceptibility to postcontamination infection is known for dioecious species because female plants retain physiological connections to contaminated flowers longer than hermaphrodites (Kaltz and Shykoff 2001 ), but such a mechanism is unlikely for pistillates compared with perfect flowers where both types of flowers mature fruits. Nonetheless, different susceptibility of the two sexes would have consequences for the population's sex ratio and possibly evolution of sexual size dimorphism.
We found temporal variation in the degree of pollen limitation for both fruit and seeds per fruit in the gynomonoeciousgynodioecious G. repens, but there was no evidence for sexdifferential pollen limitation at the level of individual flowers. Although local pollen production would be expected to reduce pollen limitation for hermaphrodite plants contrasted with female ones, this hypothesis requires further comparisons between populations with different sex ratios and infection frequencies.
